Tumor necrosis factor (TNF) is critical for controlling many intracellular infections, but can also contribute to inflammation. It can promote the destruction of important cell populations and trigger dramatic tissue remodeling following establishment of chronic disease. Therefore, a better understanding of TNF regulation is needed to allow pathogen control without causing or exacerbating disease. IL-10 is an important regulatory cytokine with broad activities, including the suppression of inflammation. IL-10 is produced by different immune cells; however, its regulation and function appears to be cell-specific and context-dependent. Recently, IL-10 produced by Th1 (Tr1) cells was shown to protect host tissues from inflammation induced following infection. Here, we identify a novel pathway of TNF regulation by IL-10 from Tr1 cells during parasitic infection. We report elevated Blimp-1 mRNA levels in CD4 + T cells from visceral leishmaniasis (VL) patients, and demonstrate IL-12 was essential for Blimp-1 expression and Tr1 cell development in experimental VL. Critically, we show Blimp-1-dependent IL-10 production by Tr1 cells prevents tissue damage caused by IFNγ-dependent TNF production. Therefore, we identify Blimp-1-dependent IL-10 produced by Tr1 cells as a key regulator of TNF-mediated pathology and identify Tr1 cells as potential therapeutic tools to control inflammation.
Introduction
TNF is a key pro-inflammatory cytokine required to control intracellular pathogens and kill tumours [1] . However, excessive TNF production can cause diseases such as rheumatoid arthritis, inflammatory bowel disease, psoriasis, ankylosing spondylitis, graft-versus-host disease and sepsis [2, 3] . As such, TNF is a major target for the prevention of inflammatory diseases, and inhibitors of TNF activity are widely used in the clinic [3, 4] . An important drawback to this approach is that it can increase susceptibility to infection, especially intracellular pathogens [5, 6] . Therefore, a better understanding of how TNF is regulated during inflammation is needed to identify more selective ways to control disease while minimizing risk of infection. CD4 + T cells play critical roles in coordinating immune responses by helping B cells produce high affinity antibodies, CD8 + T cells to kill infected and transformed cells and innate immune cells to recognize and control pathogens and tumour cells [7, 8] . Many diseases caused by protozoan parasites require the generation of IFNγ-and TNF-producing CD4 + T (Th1) cells for the activation of macrophages and dendritic cells to kill captured or resident pathogens [9, 10] . However, these potent pro-inflammatory cytokines, along with other T cell-derived cytokines such as IL-17, can also damage tissues, and as such, CD4 + T cell responses need to be tightly regulated so they themselves do not cause disease [11] . IL-10 is a major regulatory cytokine, and its secretion by conventional CD4 + T cells can suppress inflammation by directly inhibiting T cell functions, as well as upstream activities initiated by antigen presenting cells (APC's) [12] . Initially, IL-10 production was identified in Th2 cells [13] , but has since been described in Th1 [14] [15] [16] , FoxP3-expressing regulatory T (Treg) [17, 18] and IL-17-producing CD4 + T (Th17) [19] cell populations. Thus, CD4 + T cellderived IL-10 production is emerging as an important mechanism to prevent immune pathology. In mice infected with protozoan parasites, Th1 cells are an important source of IL-10 that can promote parasite survival, but also limit pathology [20] [21] [22] [23] [24] [25] [26] [27] [28] . These IL-10-producing Th1 (Tr1) cells have also been identified in humans with visceral leishmaniasis (VL) caused by Leishmania donovani [29] and African children with Plasmodium falciparum malaria [30] [31] [32] . Tr1 cells are increasingly recognized as a critical regulatory CD4 + T cell subset that prevent immune pathology during disease and protect tissue from damage caused by excessive inflammation [12, [33] [34] [35] . Despite these protective functions, Tr1 cells may also promote the establishment of infection [34] and suppress Th1-mediated, tumour-specific immunity [36] . However, it is not clear how much of this activity can be attributed to Tr1 cells or other IL-10-producing cell types. Therefore, a better understanding of IL-10 regulation by different cell types is required for the development of new therapeutic approaches targeting this cytokine. Lymphoid tissue remodelling occurs in many chronic inflammatory settings associated with infectious, autoimmune and metabolic diseases [37] [38] [39] . This includes parasitic diseases such as malaria and VL that are associated with pronounced splenomegaly and disruption of lymphoid follicles [40, 41] . In experimental models, this is accompanied by extensive vascular remodelling, white pulp atrophy and increased numbers of tissue macrophages [42] [43] [44] [45] [46] , features also reported in human [47, 48] and canine [49] VL. This remodelling results in dramatic changes to leukocyte movements in the spleen, and despite identifying excessive TNF production as a major contributor to these alterations [50, 51] , the immunoregulatory networks that fail are unknown.
Here, we identify a novel pathway of IL-10-dependent control of tissue pathology during parasitic infection. We show that IL-10 produced by Tr1 cells protects against IFNγ-dependent, TNF-mediated tissue damage, but limited the control of parasites that cause malaria and VL. This pathway is critically dependent on the transcriptional regulator B lymphocyte-induced maturation protein 1 (Blimp-1), which promotes IL-10 production by Tr1 cells. These findings provide new insights into the regulation and function of Tr1-derived IL-10, and thus reveal new opportunities to harness the therapeutic potential of these cells to protect against TNFmediated diseases.
Results

Blimp-1 is required for CD4
+ T cell IL-10 production in experimental malaria
The transcriptional regulator Blimp-1 (encoded by the Prdm1 gene) has recently been implicated in the generation of IL-10-producing Tr1 cells [52, 53] . To explore the relationship between Blimp-1 and IL-10 production in T cells during protozoan infections, we made use of Prdm1 fl/fl x Lck-Cre C57BL/6 (Prdm1 ΔT ) mice [54] . Strikingly, mice lacking Blimp-1 expression in T cells controlled non-lethal, P. chabaudi AS growth more efficiently than Cre-negative (Prdm1 fl/fl ) litter mate controls ( Fig 1A) . This corresponded with an increased frequency and number of activated CD4 + T cells and Th1 cells, but severely impaired development of Tr1 cells in the spleen (Fig 1B-1E) . A similar, but much smaller effect (50 fold less) was also seen in Elevated Blimp-1 expression and IL-10 production by CD4 + T cells is promoted by IL-12
We next examined Blimp-1 expression in CD4 + T cells using transgenic Blimp-1/GFP reporter mice [55] infected with P. chabaudi AS. Blimp-1 expression in CD4 + T cells was highest in IL-10-producing cells, lowest in TNF-producing cells, while those producing IFNγ expressed intermediate levels of Blimp-1 (Fig 2A and 2B) . A similar pattern of association between CD4 + T cell cytokine production and Blimp-1 expression was found in mice with experimental VL caused by infection with the human protozoan parasite L. donovani (Fig 2C) . Interestingly, there was no difference in Blimp-1 expression between CD4 + T cells expressing IL-10 alone and Tr1 cells in both infections (Fig 2B and 2C) . Consistent with the finding that IL-12 is an important driver of Blimp-1-dependent Tr1 cell differentiation in autoimmunity [52] , we found that Blimp-1 and IL-10 expression by IFNγ-producing CD4 + T cells from L. donovaniinfected mice required IL-12 ( Fig 2D and 2E ). This reliance on IL-12 was most apparent for CD4 + T cells because although IL-12 blockade caused a small, but significant, reduction in IL- 10 and IFNγ double-producing CD8 + T cell frequency, this was not accompanied by a significant reduction in Blimp-1 levels. In addition, we found no significant reduction in IFNγ-producing CD8 + T cells, although we did measure a small, but significant reduction in Blimp-1 levels ( Fig 2E) . Importantly, we found increased accumulation of PRDM1 mRNA in CD4 + T cells isolated from the blood of VL patients, compared with the equivalent cell population in the same individuals after completion of drug treatment (Fig 3A) . This was associated with elevated IL-10 mRNA levels in the same cells (Fig 3B) , as well as increased plasma IL-10 ( Fig 3C) , as previously reported [29, 56] . Blimp-1-dependent IL-10 production by CD4 + T cells limits parasite killing in VL VL caused by L. donovani in mice is characterized by a chronic infection of macrophages in the spleen, but acute infection of macrophages in the liver [57] . Strikingly, and in contrast to littermate controls, mice lacking Blimp-1 expression in T cells controlled infection in the spleen effectively (Fig 4A) . This improved control of parasite growth was again associated with an increased frequency of activated CD4 + T cells and Th1 cells, but restricted development of Tr1 cells ( Fig 4B) . However, despite improved control of parasite growth in mice with Blimp-1 deficient T cells, these mice presented with significantly larger spleens, associated with an increased frequency of TNF-producing CD4 + T cells (Fig 4C) . Similar effects were also observed in the liver (Fig 4D-4F ), and these were also associated with elevated serum TNF and IFNγ levels ( Fig  4G) . Enhanced CD4 + T cell responses were antigen-specific, as shown by increased IFNγ and TNF production in response to stimulation with parasite antigen (Fig 4H and 4I ). Although IL-10 was not detected in serum, IL-10 production was measured in response to antigen restimulation, and consistent with the above Tr1 data, was significantly reduced in cells from mice lacking Blimp-1 expression in T cells, compared with littermate controls (Fig 4I) . Blimp-1 has previously been shown to restrain CD4 + T cell IL-17 production [58] , but we found no sig- production by T cells with L. donovani. Similar to mice lacking Blimp-1 expression in T cells, control of parasite growth was dramatically improved, relative to Cre-negative (Il-10 fl/fl ) litter mate controls ( Fig 6A) . As indicated above, the improved parasite clearance in the absence of Blimp-1 in T cells was associated with more severe splenomegaly. IL-10 has previously been found to protect against tissue damage caused by parasite-mediated inflammation [23, 24, 60] , and we show that in L. donovani-infected mice, increased spleen size was a consequence of a lack of IL-10 production by T cells (Fig 6B) . Splenomegaly in mice lacking either Blimp-1 or IL-10 expression in T cells was also associated with a dramatic loss of splenic marginal zone macrophages (MZM) by day 14 p.i. (Fig 6C) . Direct IL-10 signaling to myeloid cells [61] and infected with L. donovani displayed dramatically improved control of parasite growth, which was again accompanied by splenomegaly, increased TNF and IFNγ production, and accelerated loss of MZM, relative to Cre-negative (Il-10r fl/fl ) litter mate controls (Fig 6D-6G) . Therefore, Blimp-1-dependent IL-10 produced by CD4 + T cells acts on myeloid cells, including MZM, to impair parasite killing, but also acts to limit splenomegaly.
IL-10 signaling to macrophages protects them from TNF-mediated destruction
We previously showed that following the establishment of chronic L. donovani infection, TNF mediates the loss of MZM in the spleen, associated with severe disruption of lymphocyte trafficking [51] . Indeed, the accelerated development of splenomegaly and loss of MZM in mice lacking Blimp-1 expression in T cells was associated with disrupted cell trafficking into the spleen, which could be rescued by TNF blockade (Fig 7B-7E) . Specifically, MZM were retained following TNF blockade, and this was associated with improved retention of injected, fluorescently-labelled lymphocytes in the T and B cell zones of the white pulp regions of the spleen ( Fig 7E and 7F) . Interestingly, despite the loss of MZM in mice lacking Blimp-1 expression in T cells, T and B cell zones were largely preserved at day 14 p.i. (Fig 7E and 7F) . Importantly, improved parasite control in the absence of Blimp-1 in T cells was also dependent on TNF ( Fig  7A) , indicating that both beneficial and pathogenic effects of TNF were controlled by Blimp-1-regulated IL-10 production by T cells. While these data demonstrate that TNF blockade can prevent tissue damage during infection, they also highlight the importance of TNF for controlling parasite growth. However, in accordance with previous results [62] , established infection could be controlled and anti-parasitic immunity maintained when TNF was blocked when mice were also treated with anti-parasitic drug (S7 Fig), thereby identifying a strategy for controlling TNF-mediated pathology while also controlling parasite growth.
IFNγ signaling promotes TNF production and associated tissue damage
As outlined above, improved parasite control and exacerbated tissue pathology in mice lacking Blimp-1 or IL-10 expression in their T cells was strongly associated with increased numbers of Th1 cells and serum IFNγ levels (Fig 4) . We therefore examined how IFNγ production influenced TNF-mediated consequences of L. donovani infection described above. Strikingly, despite uncontrolled hepatic parasite growth, as reported in IFNγ-deficient mice [63] , mice lacking IFNγ receptor (IFNγR) showed no splenomegaly and complete preservation of MZM after 28 days of infection when MZM were lost in C57BL/6 controls (Fig 8A-8D) . Critically, these mice produced minimal amounts of TNF, relative to wild type controls (Fig 8E) . Thus, our results show that following L. donovani infection, IFNγ promoted TNF production, and this pathway was regulated by Blimp-1-mediated IL-10 production by T cells. Importantly, this regulatory pathway determined the balance between control of parasite growth and TNF-mediated pathology.
Discussion
Here we show that Blimp-1 mRNA was elevated in CD4 + T cells from VL patients, along with IL-10 mRNA and elevated levels of plasma IL-10. Furthermore, in an experimental model of 7 fluorescently labelled splenocytes. Spleen tissue sections were examined (E) for transferred splenocytes (white; left and right panels), T (CD3, blue; right panels) and B (B220, yellow; right panels) cell zones (10x magnification, scale bars = 200 μm). The total number of transferred cells in a given area of spleen tissue, the number of transferred cells per mm 2 of white pulp (WP) area and total area of WP were calculated as described in Material and Methods (F). For each mouse, four fields of view that were identical in size were imaged. Representative of 3 similar experiments, mean ±SEM, n = 5-6 in each group in each experiment, ***p<0.001, **p<0.01, *p<0.05, One-way ANOVA (Kruskal-Wallis test).
doi:10.1371/journal.ppat.1005398.g007
An IL-10/TNF Regulatory Axis in Malaria and Visceral Leishmaniasis VL, Blimp-1-dependent IL-10 produced by Tr1 cells acted on myeloid cells to limit parasite killing, but was critical to prevent TNF-mediated tissue disruption. In the absence of IL-10 production by T cells, MZM were lost and this was associated with disrupted lymphocyte trafficking and splenomegaly. Thus, we have identified Tr1 cells as potent suppressors of anti-parasitic immunity, but critical regulators of IFNγ-dependent, TNF-mediated pathology.
The transcriptional regulator Blimp-1 is important for IL-10 production by both Treg [64] and Tr1 [52, 53] cells. However, Blimp-1 deficiency in Treg cells has minimal impact on immune responses and disease outcome in mice infected with L. donovani. Data from malaria [30, 31] and VL [29] patients indicates that Tr1 cells are a major regulatory T cell population during protozoan diseases, and our results show a critical role for Blimp-1 in Tr1 cell function by promoting IL-10 production. Furthermore, results from mice that lack IL-10 in the T cell compartment indicate that IL-10 is a critical immune mediator being controlled by Blimp-1 following L. donovani infection. Another striking feature in mice lacking Blimp-1 expression in T cells was the increase in number and frequency of activated CD4 + T cells. Earlier work Fig 4D) . Spleen weights were measured at times indicated (B) and the number of MZMs per mm 2 of spleen tissue was determined at day 28 p.i. (C), as described in the Materials and Methods. Spleen and liver parasite burdens were measured (D) at day 28 p.i. as was serum TNF and IFNγ levels (E) Representative of 3 similar experiments, mean ±SEM, n = 6 in each group in each experiment, **p<0.01, *p<0.05, Mann-Whitney U test. doi:10.1371/journal.ppat.1005398.g008
showed that Blimp-1-deficient T cells do not have an intrinsically better ability to proliferate [65, 66] , but they are more resistant to activation-induced cell death [65] . In addition, Blimp1 is an important repressor of T follicular helper (Tfh) cell development by suppressing Bcl6 [67] . Thus, one potential explanation for increased CD4 + T cell activation in our disease models is less cell death, as well as cell differentiation favoring Th1 cell development. The control of many intracellular infections requires Th1 cells which are generated in response to macrophage and dendritic cell derived IL-12 [9] . These Th1 cells produce IFNγ and TNF to activate phagocytes and kill intracellular pathogens [10] . However, if pathogens persist, there is a danger that these pro-inflammatory cytokines will damage tissue, and consequently, Tr1 cells develop to control this inflammation [12, [33] [34] [35] . Our results suggest that Tr1 cells generated in our experimental setting derive from Th1 cells, a notion supported by recent results showing IL-12, along with IL-27, promoted Blimp-1-dependent IL-10 production by Tr1 cells [52] . Thus, our data suggest that IL-12 is not only required to generate Th1 cells following L. donovani infection, but also provides additional signals for the transition from Th1 to Tr1 cells in this model. Previous work by others has already identified an important role for IL-27 in Tr1 cell development in experimental malaria [23, 68] and leishmaniasis [56, 69] .
TNF is involved in the pathogenesis of a range of diseases, including infectious and autoimmune diseases, and more recently, complications arising in immune-related adverse events as a consequence of immune check point inhibition [3, 70] . Our results identify TNF as a major mediator of tissue pathology in the absence of T cell-derived IL-10. Hence, understanding how TNF is regulated in different disease settings is of major medical importance. Despite differences in the structure of rodent and human spleens [38] , post-mortem studies on VL patients revealed extensive disruption to white pulp areas, associated with substantial changes in macrophage populations [47, 48] , also reported in experimental VL [50, 51] . The MZ of the spleen is a specialized collection of cells separating the predominantly non-lymphoid red pulp regions and lymphoid dominated white pulp regions. It is also vascular and plays an important role in removing particulate antigen, as well as dead and dying cells, from the circulation [38, 71] . Remarkably, the accelerated loss of MZM in mice lacking Blimp-1 or IL-10 expression in T cells resulted in significant disruption of lymphocyte trafficking into T and B cell zones of the white pulp that could be rescued by TNF blockade. These results support earlier studies showing important roles for MZM in directing lymphocyte traffic into the splenic white pulp [72, 73] . Another striking feature of L. donovani-infected mice lacking Blimp-1 or IL-10 expression by T cells was dramatic splenomegaly. Angiogenesis is a dominant feature of splenomegaly during experimental VL [44] , driven by inflammation-induced expression of neurotropic receptor on vascular endothelium and interactions with ligands produced by mononuclear phagocytes [43] . TNF produced by macrophages can promote angiogenesis [74, 75] , and chronic inflammation and vascular remodelling are intimately linked in autoimmune disease settings [76] . Critically, inhibition of vascularization with receptor tyrosine kinase inhibitors in mice with established L. donovani infection resulted in reduced mononuclear phagocyte number and reversed splenomegaly [44] . Therefore, our data supports a model whereby TNFdriven angiogenesis is regulated by Blimp-1-dependent IL-10 production by Tr1 cells.
By identifying IL-10 produced by Tr1 cells as critical regulators of TNF, we can consider IL-10-related strategies for modulating TNF production. However, given the important role of TNF in controlling intracellular infections [62, 77] , these strategies should be designed to limit pathogenic functions of TNF while maintaining anti-microbial effects. TNF is produced by many different cell populations, and acts on a range of target cells [78] . We previously reported that TNF from CD4 + T cells was required for anti-parasitic functions in L. donovani-infected mice [77] , but the cellular source of pathogenic TNF is not known. In ulcerative colitis patients, TNF from T cells appeared to be an important driver of disease [79] , while in graft versus host disease, both T cell [80] and macrophage/monocyte-derived TNF cause gastrointestinal damage [81] . Therefore, different cellular sources of TNF are likely to be important for pathogen control and promoting disease in different immune environments. Further work is needed to better understand the cellular and molecular aspects of TNF regulation that will allow selective targeting of these two distinct functional outcomes of TNF biology. Treg cells are currently being generated and tested for a range of inflammatory conditions [82, 83] . However, in situations where this approach fails, the use of Tr1 cells may be beneficial [84] . Our data indicate that Tr1 cells play a critical role in regulating inflammation in organs such as the spleen, in contrast to inflammation in the lung or gut, where Treg cells play critical protective roles [18, 85, 86] . Hence, under different clinical situations, either Treg or Tr1 cells may help to treat disease. Our findings identify Blimp-1-dependent IL-10 produced by Tr1 cells as a critical regulator of IFNγ-dependent, TNF-mediated tissue damage in the spleen in parasitic infections. Thus, Tr1 focused therapy may be an attractive modality in settings where TNF-mediated immunity is needed, but TNF-induced immunopathology instead dominates.
Methods
Ethics statement
All patients presented with symptoms of VL at the Kala-azar Medical Research Center (Muzaffarpur, Bihar, India). VL diagnosis was confirmed either by the microscopic detection of amastigotes in splenic aspirate smears or by rk39 dipstick test. Patients were treated either with Amphotericin B or Ambisome. In total, 10 patients were enrolled in the study. The use of human subjects followed recommendations outlined in the Helsinki declaration. 
Parasites and infections
Leishmania donovani (LV9) parasites were maintained by passage in B6.Rag1 -/-mice and amastigotes were isolated from the spleens of chronically infected mice. Mice were infected with 2 x 10 7 LV9 amastigotes intravenously (i.v.) via the lateral tail vein. Spleen and liver impression smears were used to determine parasite burdens and were expressed as Leishman Donovan Units (LDU; number of amastigotes per 1000 host nuclei multiplied by the organ weight (in grams)).
Plasmodium chabaudi chabaudi AS (PcAS) and Plasmodium berghei ANKA (PbA) strains were used in all experiments after one in vivo passage in a C57BL/6 mouse. All mice received a dose of 10 5 pRBCs i.v. via the lateral tail vein. Thin blood smears from tail bleeds were stained with Clini Pure-stains (HD Scientific Supplies, Willawong, Australia). Parasitemia was used to monitor the course of infection and was determined by flow cytometry (see below).
Monitoring parasitemia by flow cytometry during experimental malaria
Briefly, 1-2 drops of blood from a tail bleed was diluted and mixed in 250 μl RPMI/PS containing 5 U/ml heparin sulphate. Diluted blood was stained simultaneously with Syto84 (5 μM; Life Technologies, Mulgrave, Australia) to detect RNA/DNA and Hoechst33342 (10 μg/ml; SigmaAldrich, Castle Hill, Australia) to detect DNA for 30 minutes at room temperature, protected from light. 2 ml RPMI/PS was added to stop the reaction, and samples were immediately placed on ice until acquisition on a BD FACSCanto II Analyzer (BD Biosciences, Franklin Lakes, NJ). Data was analysed using FlowJo software (Treestar), where pRBC were readily detected as being Hoechst33342 + Syto84 + , with lymphocytes excluded on the basis of size, granularity, and higher levels of Hoechst33342/Syto84 staining compared with pRBCs.
Human VL patient samples
Heparinized blood was collected from patients before and 28 days after commencement of drug treatment, and PBMC were isolated by Ficoll-Hypaque (GE Healthcare, NJ) gradient centrifugation and used for the positive selection of CD4 + T cells using magnetic beads and columns (Miltenyi Biotech, Bergisch Gladbach, Germany). Cells were collected directly into RNAlater (Sigma), and stored at -70°C until mRNA isolation and analysis. Total RNA was isolated using RNeasy mini kits and QiaShredder homogenizers (Qiagen, Valencia, CA), according to the manufacturer's protocol. The quality of RNA was assessed by denaturing agarose gel electrophoresis. cDNA synthesis was performed in 20 μL reactions on 0.5-1.0 μg RNA using High-Capacity cDNA Archive kit (Applied Biosystems, CA, USA). Real-time PCR was performed on an ABI Prism 7500 sequence detection system (Applied Biosystems) using cDNAspecific FAM-MGB labelled primer/probe for PRDM1. The relative quantification of products was determined by the number of cycles over 18S mRNA endogenous control required to detect PRDM1 gene expression.
L. donovani antigen re-stimulation assay
Spleens were processed through a 100μm cell strainer in order to obtain a single-cell suspension. Splenocyte cell suspensions were then counted and adjusted to a concentration of 2 x 10 6 cells/ml. LV9 amastigotes (fixed in 4% PFA) were thawed and washed in RPMI media containing Penincillin-Streptomycin and then counted and adjusted to a final concentration of 4 x 10 7 /ml. Cells and parasites were plated into a 96-U well plate at a 1:20 ratio, where each well contained 1 x 10 5 cells and 2 x 10 6 parasites. Cells were cultured in the presence of antigen for a period of 24 and 72 hours. Culture supernatants were harvested at 24 and 72 hours and intracellular cytokine staining was performed at both time points.
Monitoring PbA infection and clinical scoring of ECM symptoms
A transgenic PbA line (231c11) expressing luciferase (PbA-luc) and GFP under the control of the ef1-α promoter [87] was used for all PbA experiments. PbA-infected mice were monitored and scored, as previously described [88] .
In vivo bioluminescence imaging
The in vivo imaging system 100 (Xenogen, Alameda, CA) was used to detect the level of bioluminescence as a measure of whole body parasite burden in each mouse. At selected timepoints, PbA-luc-infected mice were anaesthetised with isofluorane and injected with 150 mg/kg i.p. of D-luciferin (Xenogen) 5 minutes prior to imaging. Bioluminescence was measured in p/ s/cm²/sr using Living Image (Xenogen), as previously described [88] .
Antibody treatment
For IL-12 neutralisation experiments, mice were administered 500 μg of rat IgG (Sigma) or anti-IL-12 (clone: C17. The staining of cell surface antigens and intracellular cytokine staining were carried out as described previously [89, 90] . FACS was performed on a FACSCanto II or LSRFortessa (BD Biosciences), and data was analyzed using FlowJo software (TreeStar). Gating strategies used for analysis are shown in Figs 1 and 2 .
Measurement of serum and culture supernatant cytokine levels
Cytokine levels in the serum and culture supernatants were measured using a BD Cytometric Bead Array (CBA) Flex sets and the HTS system plate reader on the Fortessa 5 Flow cytometer (BD Biosciences) according to the manufacturer's instructions.
Statistical analysis
Comparisons between two groups were performed using non-parametric Mann-Whitney tests in mouse studies and Wilcoxon matched-pairs signed rank test in human studies. Comparisons between multiple groups were made using a Kruskal-Wallis test and corrected using Dunn's multiple comparisons test. GraphPad Prism version 6 for Windows (GraphPad, San Diego, CA) was used for analysis; p<0.05 was considered statistically significant. All data are presented as the mean ± SEM.
Supporting Information as described in Fig 4C) . Th1 cell frequency in splenocytes cultured in media or with parasite antigen (E), as indicated, as well as IFNγ production from antigen-stimulated cells (F) were measured after 24 hours of culture. Representative of 2 independent experiments, mean ±SEM, n = 5, ÃÃ p<0.01, Ã p<0.05, Mann-Whitney U test.
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